An overview of research conducted so far on the use of various recycled materials as replacement for stone filler in asphalt mixes is presented in the paper. The paper comprises an overview of research on the influence exerted by the waste glass, waste materials from cement industry, concrete, brick, ceramics, fly ash and other materials, on physicomechanical properties of bitumen mixes. As a final result, conclusions are given on the possible use of individual recycled materials as replacements for standard rock flour in asphalt mixes. Utjecaj recikliranog punila na svojstva asfaltnih mješavina U radu se daje prikaz provedenih dosadašnjih istraživanja s primjenom različitih recikliranih materijala koji se koriste kao zamjena za kameno punilo u asfaltnim mješavinama. Rad obuhvaća prikaz provedenih istraživanja o utjecaju otpadnog stakla, otpada cementne industrije, betona, opeke, keramike, letećeg pepela i drugih na fizikalno mehanička svojstva bitumenskih mješavina. Kao konačan rezultat donose se zaključci o mogućoj primjeni pojedinih recikliranih materijala kao zamjeni za standardno kameno brašno u asfaltnim mješavinama.
Introduction
The use of alternative materials in road construction is highly significant because of great demand for such materials in this industry. According to Barišić et al. [1] , alternative materials are all materials obtained as construction waste and other types of industrial waste. Based on the instruction given in the directive 2008/98/EC, minimum 50 % of household waste, and 70 % of construction and industrial waste, must be recycled and reused by 2020 [2] . Asphalt mixes contain mineral mixture, filler, binder, and various additives that are added to the mixture at a specified temperature. An average annual production of asphalt mixes amounted to 302.51 million tons in Europe in the period from 2008 to 2014, which is by 38.35 million tons less compared to the corresponding production in the USA [3] . Thus, the proportion of available quantity of recycled mixture amounted to 38,997.41 million tons in the EU countries in 2014, which is by 29, 702 .59 million tons less compared to the USA. In the same year, the available quantity of recycled asphalt mixture amounted to 170,000 tons in Croatia [3] . Many studies about the use of various alternative materials in asphalt mixtures have been undertaken. Thus, McDonald [4] considers in his paper possible use of plastics, incinerator ash, waste tyres, shingles, fly ash, slag, cement dust, recycled asphalt, glass, etc., in asphalt mixtures. In this respect, some authors [5] [6] [7] [8] [9] study possible use of recycled asphalt in the production of new asphalt mixtures, in the production of waste plastics [10] [11] [12] [13] , in the production of waste glass [14] [15] , and in the production of fly ash [16] [17] etc. The use of alternative materials in the production of asphalt mixtures generally leads to economic savings and smaller negative environmental effects, while also being compliant with relevant quality requirements. Fillers added to asphalt mixtures are used for filling the voids, for meeting grading requirements, for increasing stability, and for improving the bond between bitumen and aggregate [18] . This group includes mineral dust created by crushing and sieving aggregate (including the return filler), cement, lime, etc. Filler influences behaviour of bitumen binder and mixtures, i.e. an increase in its content results in the stiffening or hardening of asphalt mixture. According to some specifications, the weight proportion of dust and bitumen binder in asphalt mixtures should range from 0.6 to 1.2 [18] . In asphalt mixes, the following substances can be used as filler: stone dust, lime, Portland cement, fly ash, waste glass, waste from cement industry, waste concrete, brick, ceramics, fly ash, etc. In the Detailed Elaboration of Technical Properties and Requirements for Construction Products Used in the Production of Asphalt Mixes and Asphalt Pavements [19] , filler is defined as aggregate with dominant particle size of less than 0.063 mm, and with all particles passing through the 2 mm sieve. It is allowed to use mineral filler (lime or dolomite filler), mixed filler (mixture of mineral filler and calcium hydroxide), hydrated lime, cement and fly ash generated by coal combustion. It is also specified that the use of return filler is not allowed for asphalt mixtures SMA, BBTM and PA.
The objective of this research is to provide an overview of possible use of various recycled materials serving as replacement for standard filler in asphalt mixtures. The analysis of individual replacement of standard filler in asphalt mixes with recycled materials is considered because of considerable influence fillers have of physicomechanical properties of standard bituminous mixtures. The final objective of the research is to point to possible advantages and shortcomings of the use of individual replacement waste materials.
Overview of current situation
Filler is an integral component of asphalt mixtures and its content greatly affects mechanical properties of such mixtures. If the filler content is too high the bituminous mixture can be weakened considerably as in this case the filler influences an optimum content of bitumen and placeability, while also changing highly elastic properties of bituminous mortar. Proportions of asphalt sample components are presented in Figure 1 . It can be seen from Figure 1 that asphalt sample is composed of the stone skeleton, filler, bitumen, and air voids. The filler quality is greatly influenced by its grading. According to SantosBurdini et al. [21] , the minimum percentage of mineral filler passing through the 0.075 mm sieve amounts to 65 %. The Detailed Elaboration [19] inter alia specifies that the minimum percentage of filler passing through the 0.063 mm sieve must be 70 % and, at that, 100 % of filler must pass through the 2 mm sieve.
Use of waste glass
Glass is the only material that can be fully recycled several times [22] . It is obtained by melting quartz sand, soda and limestone and, at that, glass fragments are also used. In 2011, the proportion of glass waste production in EU-27 countries amounted to 32 kg per inhabitant [23] . In some EU countries the proportion of recycling has reached as much as 60 %, which is much more compared to situation in the Republic of Croatia where 33,747 tons of waste glass was collected and classified in 2012 [24] . Hand-crushed waste glass used as replacement for a part of filler in the testing is shown in Figure 2 [25] . In the study conducted by Hassan et al. [26] , glass powder is used as an alternative for mineral filler (stone dust) in the hot asphalt mixture. The total of nine mixes with three types of filler were tested (three are lime and stone dust, three are Portland cement, and three are glass powder). Three mixtures, in which the glass powder content amounted to 4, 7 and 10 % of the total aggregate weight, were tested. The authors have concluded that an optimum proportion of glass powder is the one replacing seven percent of the total aggregate weight. Here the thirteen percent greater stability was obtained compared to the remaining six mixes, the deformation was reduced by 39 %, and the asphalt mix density was reduced by 10 %. In their paper, Jony et al. [27] analyse the influence of the use of various fillers, including glass powder. The authors propose the use of glass powder as this contributes to an increase in the Marshall's stability compared to fillers made of Portland cement and lime. in their research, Shaopeng et al. [28] state that glass powder can be used as replacement for mineral filler and aggregate up to the grain size of 4.75 mm The maximum content with respect to the total aggregate weight is 10 % . Pereira et al. [29] analyse the effect of waste glass when used as filler replacement in asphalt mixture. The authors conclude that there is no great difference with regard to effect realised using stone dust, i.e. Marshall test values are almost similar. The same authors conclude that this waste material is acceptable for use in asphalt mixtures.
Waste from cement industry
Cement is a complex binding composite material whose annual worldwide production approximates 3 billion tons and, due to its typical properties, it has a considerable impact on environment [30] . It is produced by pulverisation and baking of limestone and marl until a fine powder is obtained. In cement industry, there are many sources of dust emission during production process. Dust can originate from kilns, clinker coolers, raw material mills, etc. In their paper, Hassan et al. ([31] analyse the possibility of replacing filler with waste cement dust in the proportion of 0, 25, 50, 75 and 100 % by weight. The testing comprised determination of mechanical properties by Marshall test, and indirect tensile strength and compressive strength testing. The results show that the stability increases and deformation decreases with an increase in waste cement dust content. An optimum proportion of waste cement that replaces stone dust is 100 %, i.e. the stone dust is fully replaced by cement. Khaled and Ahmed [32] studied the possibility of using waste white cement dust from cement industry as a replacement for filler in asphalt mixtures. Five samples were subjected to Marshall testing. In these samples the proportion of stone dust was replaced with 2, 4, 6 and 8 percent of white cement dust. An optimum proportion of bitumen in the control mixture amounted to 5.5 percent. The results show that the 2 % dust substitution for stone dust gives the optimum bitumen proportion that is almost similar to the control mixture. The four percent dust substitution slightly increases an optimum proportion of bitumen to 5.7 percent without a significant negative effect on asphalt mixture (stability, voids, etc.). However, further increase in dust content (6 and 8 %) increases an optimum bitumen content to 6.1 and 6.2 %, which influences cost-efficiency of this use. The authors have concluded that 4 % of dust is an optimum replacement for stone dust. In their research, Taha et al. [33] use three different asphalt mixtures, one of them being the control mixture (with stone dust as filler) and, in the remaining two, the cement dust is replaced with 5 and 13 % of filler, respectively. The mixture with 5 % of cement dust had the optimum content of binder similar to the one registered for the control mixture, while the mixture with 13 % of cement dust required much greater content of binder and is therefore considered economically inefficient.
Waste concrete, brick and ceramics
Construction waste is generated during construction of buildings and other facilities, and during renovation, renewal and maintenance of such buildings and facilities. This waste group includes concrete, bricks, tiles and other materials. In their paper, Sutradhar et al. [34] conclude that waste concrete and brick particles of up to 0.075 mm in size can be considered acceptable as replacement for filler. The asphalt mixture in which the recycled concrete and recycled brick powder is used GRAĐEVINAR 69 (2017) 3, 207-214 Ivica Androjić, Gordana Kaluđer as replacement for filler exhibits practically the same properties according to Marshall as the mixtures with the traditional filler (stone dust). The stability of a mixture increases with an increase in bitumen content. The maxiumum stability of 11.18 kN with 5.5 % of bitumen was obtained by bitumen mixes with the recycled brick dust as filler. The mixtures in which the recycled concrete dust was used as filler exhibited high stability (11 kN at 5.5 % of bitumen), while mixtures with stone dust as filler exhibited lower stability of 9.68 kN at the same proportion of bitumen. In their paper, Taherkani i Golzari [35] analyse the possibility of using recycled concrete powder and steelworks slag as replacement for stone dust in asphalt mixtures. The control mixture contains 100 % of stone dust. Instead of stone dust, other mixes contain 25, 50, 75 and 100 % of recycled concrete dust and/or steelworks slag (four mixtures with concrete and four mixtures with steelworks slag). This study proves that the stability of mixtures with concrete and slug, measured according to Marshall, exceeds the stability of control mixture. It can also be concluded that the deformation of mixture with concrete is greater compared to the control mixture, but the deformation of mixture with slag is smaller than that of the control mixture. The greatest Marshall stiffness of mixtures (concrete, slag) is obtained at the 25 and 75 % replacement of stone dust by weight. The results show that the stone dust replacement with these waste materials does not influence volumetric properties of the mixture. Indirect tensile strength values of mixtures (concrete, slag) in which the proportion of these materials in filler amounts to 25 % and 50 %, respectively, are greater compared to those registered at the control mixture. In addition, the water resistance and stiffness of mixtures with waste materials is higher compared to similar values for the control mixture. Chen et al. [36] conducted X-ray testing in laboratory conditions. They analysed the possibility of using recycled concrete dust by means of scanning electron microscopy and x-ray fluorescence spectroscopy. It was established that the waste concrete dust is mainly composed of quartz (SiO 2 ) and calcite (CaCO 3 ), i.e. that the Si content is higher compared to the traditional stone dust, while the Ca content is lower. They also established that this material can improve the mixture's resistance to water, temperature and fatigue. The authors also concluded that this material, when used as filer, can reduce temperature of the asphalt mixture, and can be appropriate as material for geographic areas characterised by high temperatures.
Fly ash and other materials
The use of fly ash and other recycled materials as replacement for traditional filler is presented in the following text. Asphalt samples with fly ash [37] are presented in Figure 3 . In their paper, Muniandy and Aburkaba [38] tested the SMA mixture (Stone Mastic Asphalt Mixture) in which the following materials were used as filler: stone dust, ceramic dust, fly ash from coal, and steelworks slag. The influence of the type of waste material and particle size of filler on the indirect tensile stiffness and fatigue properties of material was tested. The proportion of filer in asphalt mix amounted to 10 % m/m, the maximum particle size for all filler types was 0.075 mm, and the filler always contained only one type of material. For all types of waste material, the following proportion combinations were used: 100 % of particles up to 0.075 mm in size, 100 % of particles up to 0.02 mm in size, and 50 % of particles up to 0.02 mm, and 50 % of particles from 0.02 mm to 0.075 mm. It was observed that various types of waste act differently on the fatigue of material at all proportions, and also that the maximum elastic modulus was obtained at the proportion of 50/50 for all types of waste material. At that, the best elastic modulus was obtained for the mixture in which the ceramic dust filler was used. The lowest resistance to fatigue was registered for mixtures with the filler consisting of steelworks slag. In their research, Electricwala et al. [39] ) replaced a part of filler with ceramic dust and lime (3-5 %) in the asphalt mixture. Thus the mixture with ceramic dust exhibited a 14.29 % increase in stability compared to the mixture in which the same proportion of lime was used. The latter mixture exhibited a 3.96 % increase in stability compared to traditional filler. Furthermore, the asphalt mixture in which 5 % of filler was replaced with ceramic dust exhibited 10.32 % increase in Marshall's stability compared to the mixture in which lime was used. The authors concluded that the bitumen mixture with ceramic dust is more flexible, and that it will be deformed when subjected to traffic load. Tapkin [40] studied mechanical properties of mixtures by using the filler made of three types of fly ash (each sample contains different type of fly ash), limestone material, lime and Portland cement. He used six sample types and, for each sample, he tested mechanical properties and elastic modulus. The same author concluded in his paper that the fatigue of material, i.e. the life span of sample in which fly ash was used, is longer compared to the sample in which filler made of limestone material was used. He furthermore concluded that fly ash is especially suitable as filler in mixtures to be incorporated in wearing courses. GRAĐEVINAR 69 (2017) 3, 207-214
Influence of recycled filler on asphalt mix properties Rahman abd Sobhan [41] studied the possibility of using nonconventional materials as fillers in asphalt mixtures. Nonconventional fillers are non-plastic sand, brick dust and ashes. They compared stabilities obtained on samples with fillers made of stone dust (retained stability) 96.98 %, cement 95.39 %, non-plastic sand 88.92 %, brick dust 87.22 % and ashes 83.59 %. Following their investigations, the authors concluded that replacement materials are suitable for use as they meet the limit value of 75 % of retained stability. Muniandy et al. [42] studied the possibility of using as filler some available industrial waste materials and by-products such as steelworks slag, fly ash, waste from ceramic industry, and limestone waste. The authors concluded that the calcium oxide content is a critical factor in deciding on possible use of these waste materials or by-products as fillers. Kar et al. [43] analysed three types of mixtures in which cement, stone dust and fly as were used as slag. They established that an optimum proportion of bitumen is almost the same for mixtures in which cement or stone dust were used as filler, while an optimum proportion of bitumen is greater in case of mixtures with fly ash. These authors also established that the retained stability for sample with cement as filler amounts to almost 89 %, and almost 87 % percent for sample with stone dust, while for sample with fly as as filler it amounts to a little more than 85 %, which is in any case more than the limit value of 75 %. In their paper, Pradhan and Roy [44] study the possibilities of using nonconventional fillers such as brick dust and fly ash in asphalt mixes. Their results show that satisfactory properties according to Marshall have been obtained. Mixtures with fly ash exhibit maximum stability at an optimum bitumen content of 6 %. Bituminous mixtures with brick dust exhibit maximum stability at an optimum bitumen content of 7 %. In their research, Sato et al. [45] studied the possibility of using sewage sludge ash in asphalt mixture as replacement for stone dust in proportions of 15, 30, 45 i 100 % by weight. They concluded that sewage sludge can be added as replacement material when used in proportion of up to 45 %. Although the residual stability falls when this material is used as filler in asphalt mixture, the total properties of asphalt mixture are improved considerably. The testing also included preparation of fresh concrete with sewage sludge, and the recycling and reuse of this material in load-carrying layers. In their analysis, Akbulut et al. [46] used sludge resulting from purification of water that is used for cleaning granite during its cutting and polishing. The sludge mainly consists of quartz. The objective of this analysis was to determine possibilities of its use in bitumen mixtures as filler. The sludge passing through the 0.074 mm sieve was added as filler in the proportion of 0, 2, 4, 6 and 8 percent. An optimum proportion in the mixture was defined for each mixture using the Marshall procedure. Best results related to mechanical properties and indirect tensile strength were obtained in the mixture in which proportion of this filler amounts to 7.3 percent. The defined optimum proportion of bitumen for mixtures amounted to 5.11, 4.76, 4.10, 4.04 and 3.83 %, which means that the proportion of bitumen falls with and increase in filler content. It was concluded that the mixture with 8 % of sludge as filler attained the greatest density because this filler additionally filled micro-voids in the mixture hence increasing the density and stability of the mixture. The paper presented by Ahmedzade and Geckil [47] contains tests in which stone aggregate was used for the preparation of samples for stone mixture (Marshall's procedure), while stone dust was used for the filler (control mixture) . In the second mixture, stone was used as aggregate, while the black coal dust was used as filler. Asphalt mixtures (AC-10 and AC-5) were heated to the temperature of 165 °C. The testing revealed that better indirect strength and stability results were obtained in mixtures with coal dust. Stiffness modulus values are higher at lower temperatures (40°C), but the values coincide with the control mixture values at 20°C. Furthermore, coal dust improves aggregate and bitumen bonding and increases stiffness and density of the mixture, while reducing sensitivity of asphalt to water. Electrical conductivity of mixture with coal dust is higher compared to the control mixture, which makes this waste material suitable for use in asphalt mixtures for thermoelectric asphalt courses that enable faster melting of snow. Sargın et al. [48] studied the possibility of using rice husk ashes as filler for asphalt mixes. Four mixtures with 4, 5, 6 and 7 % of filler by weight were designed with an optimum proportion of bitumen. The highest value according to Marshall test (stability) was obtained for the mixture designed with 5 % of filler. An optimum bitumen content for the mix with 4 % of filler amounted to 5.18 %, for the mix with 5 % it was 4.73 %, for the mix with 6 % the optimum bitumen content was 5 %, and for the mix with 7 % the optimum bitumen content amounted to 4.65 %. After that, the stone dust was replaced with 25, 50, 75 and 100 percent of rice husk ash. Test results show that the best proportion of rice ash was in the mix with 2.5 % of stone dust and 2.5 % of rice ash (i.e. In the mix where stone dust was replaced with 50 % of rice ash). The Marshall stability reduces with an increase in the rice ash content. In their research, Karashin and Terzi [49] applied marble dust, i.e. waste formed by cutting, grinding and polishing of marble, as filler in asphalt mixture. Control mix was prepared with stone dust. The Marshall's stiffness test revealed that both mixes exhibit almost the same values and, at that, the mix with marble dust had a higher plastic deformation value. The authors recommend that this waste material be used in the preparation of asphalt mixes for pavements on less-trafficked roadways. In their research conducted in Malaysia, Borhan et al. [50] analysed possibilities for using fly ash from palm oil in asphalt mixes. The objective was to determine an optimum replacement of traditional filler by this waste material in asphalt mixes. The replacement percentage amounted to 0, 1, 3, 5 and 7 %. The results reveal that an optimum ash content is 5 %, as it does not affect mechanical and other properties of asphalt mixes. GRAĐEVINAR 69 (2017) 3, 207-214 Ivica Androjić, Gordana Kaluđer
Commentary of research
The analysis of research results reveals that various types of recycled filler can be used as proper replacement of standard fillers. Thus some authors conclude in their studies that the use of waste glass in asphalt mixes increases the stability, reduces deformations and, expectedly, results in lower density of asphalt mixes. It can be concluded from these studies that the use of waste glass does not result in greater difference in properties compared to standard mixes. Other research results show that the use of waste from cement industry in asphalt mixes results in higher stability and lower deformation values. In addition, some authors state that an increase in the cement dust content in mix results in an increase of the optimum proportion of bitumen, and in poorer economic performance of the mix. Further studies show that waste concrete and waste brick particles can be used in asphalt mixes as replacement for traditional filler. It is indicated that waste concrete and waste brick particles can be used up to the grain size of 0.075 mm, that the use of recycled brick dust results in higher stability, and that the use or the recycled concrete dust leads to the fall in stability. Other recycled materials that can be used as fillers are the fly ash, slag, etc. Relevant studies show that different types of filler oscillate as to their influence on the fatigue of materials. Addition of ceramic dust to the mix results in an increase in stability compared to traditional filler, and in creation of a more flexible mix. The use of fly ash increases the life span of asphalt courses compared to limestone-based material, and increases an optimum proportion of bitumen in the mix. Some studies have shown that nonconventional fillers, such as non-plastic sand, brick dust and ashes, are also suitable for use in asphalt mixes as replacement for traditional filler. One of the most widespread uses of recycled fillers implies the use of waste asphalt in the production of asphalt mixes. In this way, mineral filler from the old asphalt is used, together with other components, in the production of new bitumen mixes. Recycled asphalt is obtained by demolishing, crushing or milling the existing asphalt pavement [51] that contains about 95 % of aggregate grains enveloped with bitumen. Figure 4 .a shows that the quantity of recycled asphalt available in observed countres varies from 307,000 tons to 71.4 million tons. Therefore, by far the greatest average four-year quantity of waste asphalt -amounting to 67.92 million tonsis registered in the USA. It can also be concluded from Figure  4 .b that the greatest quantity of waste asphalt is used in the USA and that it amounts to 90 % in the production of hot and warm asphalt mixes. If it is assumed that an average content of filler in bitumen mixes amounts to 5 %, it can be concluded that some 3.396 million tons of filler is used in the USA only from waste asphalt. In the Republic of Croatia, this trend is in the initial stage, as witnessed by a small available quantity of waste asphalt (170.000 tons) registered in 2014 [3] out of which only 24 % is used in the production of hot and warm asphalt mixes. 
Conclusion
Current tendencies aimed at reducing negative environmental impacts and encouraging sustainable construction have resulted in ever increasing demands for the use of waste materials in the production of asphalt mixes. The basic objective of this research was to analyse research conducted so far with regard to the use of various waste materials as replacement for traditional fillers in asphalt mixes. The analysis of individual filler replacement in asphalt mixes was selected due high influence of filler on the quality of asphalt. According to research made by many authors, it can be concluded that waste glass, cement industry waste materials, concrete, bricks, ceramics, fly ash and other raw materials can be used as replacement for standard filler in bituminous mixes. It can also be concluded that the use of various non-conventional fillers should additionally be studied through construction of trial sections in order to enable better analysis of behaviour of such asphalt layers in actual use. The use of various waste fillers in the production of asphalt mixes has lead to the fall in the price of mixes, and in a more acceptable influence of asphalt industry on natural environment.
